There is considerable interest in uncovering the pathway of amyloid formation because the toxic properties of amyloid likely stems from prefibril intermediates and not the fully formed fibrils. Using a recently invented method of collecting 2-dimensional infrared spectra and site-specific isotope labeling, we have measured the development of secondary structures for 6 residues during the aggregation process of the 37-residue polypeptide associated with type 2 diabetes, the human islet amyloid polypeptide (hIAPP). By monitoring the kinetics at 6 different labeled sites, we find that the peptides initially develop well-ordered structure in the region of the chain that is close to the ordered loop of the fibrils, followed by formation of the 2 parallel ␤-sheets with the N-terminal ␤-sheet likely forming before the C-terminal sheet. This experimental approach provides a detailed view of the aggregation pathway of hIAPP fibril formation as well as a general methodology for studying other amyloid forming proteins without the use of structure-perturbing labels.
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aggregation ͉ amylin ͉ fibers ͉ human islet amyloid polypeptide ͉ nucleation M ore than 20 different diseases are associated with proteins that form insoluble amyloid fibers (1) . In large quantities, organ function is disrupted by the formation of amyloid deposits, but for several amyloid diseases, there is evidence that the toxic entities are actually prefibril intermediates (2, 3) . Although they have been the focus of numerous studies, details about these critical intermediates have been elusive, mostly because it is extraordinarily difficult to obtain structural and kinetic information for amyloid aggregation. The difficulty arises because high-resolution techniques do not have the time resolution required to track the structural changes, nor can they be easily applied to aggregating systems. Optical techniques that do have sufficient time resolution, such as circular dichroism spectroscopy, provide only a low-resolution view of structure. Other techniques, like electron spin resonance and fluorescence spectroscopy, require bulky labels that can perturb the structure and dynamics. Mechanistic information is vital to understand the mechanism of protein misfolding as well as to design inhibitors that subvert the pathway of amyloid formation. What is needed is a technique with sufficient time resolution to observe intermediates, provide residue-level structural information, is nonperturbing, and, ideally, can be used to test molecular dynamics simulations.
A technique that satisfies these criteria is 2D infrared (2D IR) spectroscopy when used with site-specific isotope labeling (4) . We have recently demonstrated a technological approach for collecting 2D IR spectra that is particularly well-suited for studying amyloid formation (5) . Our method uses a mid-IR pulse shaper to automate data collection, much like an NMR spectrometer, so that spectra can be collected quickly enough to monitor fibril kinetics on the fly. In this article, we combine this automated version of 2D IR spectroscopy with site-specific 13 C
18 O-labeled peptides. Isotope labeling permits the kinetics of individual residues to be measured so that hIAPP fibril formation can be followed on a residue-by-residue basis. The resulting kinetics and secondary structure information provides a detailed pathway for the formation of the fibril backbone. The deposition of amyloid fibrils in the islets of Langerhans of the pancreas is a common pathological feature of type 2 diabetes, and hIAPP is the major protein component of these amyloid deposits (6) (7) (8) (9) . The polypeptide hormone is stored with insulin in the secretory granules of the pancreatic ␤-islet cell and is secreted to the extracellular space in response to the same factors that cause the release of insulin. Synthetic amyloid aggregates are toxic to insulin-producing ␤-cells, supporting the argument that hIAPP fibril formation could play a role in the loss of ␤ cell mass in type 2 diabetes. The extent of amyloid deposition appears to correlate with the severity of the disease, further highlighting a relationship between amyloid deposition in the pancreas and the progression of the latter stages of type 2 diabetes (8, 9) .
To monitor the structures and kinetics of individual residues in hIAPP, we use 13 C 18 O labeling of the backbone carbonyl groups to resolve single amide I stretches (10) . Isotope labeling and IR spectroscopy have been used previously to study amyloids, which have provided insight into general aggregation mechanisms (11, 12) . Most studies rely on small peptide fragments, which do not necessarily translate into the context of the full protein. For example, studies using small fragments of hIAPP led to the proposal that residues 20-29 formed the core of the cross-␤-structure, but recent structural studies of fulllength IAPP reveal that this is not the case (13) . Furthermore, the kinetics of amyloid formation by short fragments of IAPP differs dramatically from that observed for the full-length hormone. For these reasons, we have chosen to isotope label and study the full 37-residue peptide.
Six separate samples of hIAPP were prepared, each containing a single 13 C 18 O-labeled residue. The positions of the 6 labeled residues are shown in Fig. 1 superimposed on the recent model of the hIAPP protofibril deduced from solid-state NMR (ssNMR) (13) . hIAPP forms a cross-␤-strand structure that is composed of 2 twisted columns of peptides. According to the ssNMR studies, each column is created from a stack of peptides that are folded into a structure containing 2 ␤-strands with an ordered loop between residues 18 and 27. Hydrogen bonding occurs along the stacks so that there are 4 ␤-sheets running in parallel along the lengths of the fibrils. The labeled residues are spaced along the peptide (Fig. 1) at positions chosen to probe key regions of the fibril. Because the peptides are stacked, each isotope label forms 2 columns, illustrated in Fig. 1C for Ala-25. The kinetics we report below reflects the arrangement of the isotopes into their respective columns. Fig. 2 are 4 2D IR spectra collected at successively later times during amyloid formation, starting from an initially unaggregated sample of hIAPP labeled at Ala-25. The 4 spectra are generated from many thousands of spectra that were collected [see supporting information (SI) Text]. The most prominent features in these spectra are between 1,617 and 1,670 cm Ϫ1 and are due to the unlabeled residues (inside the black squares in Fig.  2 ). The unlabeled peaks give information on the overall assembly kinetics of the amyloid, which were previously reported (5). At t ϭ 5 min, the unlabeled features consists of 2 out-of-phase peaks at pump ϭ 1,645 cm Ϫ1 . In 2D IR spectra, vibrational modes create doublets in which the negative peak is located on the diagonal and can be interpreted much like a traditional infrared absorption peak, albeit with improved frequency resolution. The 2 broad peaks at t ϭ 5 min are typical of random coil peptide structures with large structural distributions. The isotopelabeled features appear near 1,580 cm Ϫ1 (inside the red squares in Fig. 2 ), which provides information specific to the folding kinetics of Ala-25. At t ϭ 5 min., the isotope-labeled absorption is very broad and weak, indicating that Ala-25 is conformationally disordered, which is consistent with the nature of the random coil state.
Results

Shown in
To highlight the changes that occur in the 2D IR spectra during the aggregation processes, the remaining 2D IR spectra in Fig. 2 are plotted as difference spectra, calculated by subtracting the 2D IR spectrum in Fig. 2 A from the others. As time progresses, the random coil doublet disappears, whereas a doublet grows in at pump ϭ 1,617 cm Ϫ1 . The 1,617-cm Ϫ1 features are the signature of ␤-strand amyloid growth. Concurrent with the growth of the ␤-strand, 2 isotope-labeled features appear at 1,574 and 1,585 cm Ϫ1 . The lower-frequency peak eventually becomes more intense (Fig. 2 D and E) . There do not appear to be cross-peaks between the 2 features, indicating that the coupling is either weak or nonexistent between the 2 modes (see Insets). Large cross-peaks grow in between the isotope labels and the unlabeled ␤-strand peak at 1,617 cm Ϫ1 (see arrows), indicating that Ala-25 is strongly coupled to the ␤-sheets. Thus, the cross-peaks measure the kinetics of Ala-25 folding into the ␤-sheet configuration of the amyloid fibril. Fig. 2F plots the intensity of the peaks for the unlabeled ␤-strand, Ala-25, and the cross-peak as a function of time. All 3 kinetic curves are sigmoidal, as is typical of amyloid kinetics, and all 3 have a time to half-maximum (t 50 ) that is virtually identical, indicating that when Ala-25 becomes part of the ordered fibril, it assembles directly into a ␤-strand structure.
The kinetics of assembly were monitored by using 5 other labeled sites. The spectra are similar to those obtained for the Ala-25-labeled sample (Figs. S1 and S2), but the time at which the different residues are incorporated into ␤-sheets differs dramatically. Before presenting these results, we first describe our analysis procedure and the reproducibility of our experiments, because these are particularly important issues with regard to amyloid formation in this detailed studies of amyloid kinetics using 2D IR spectroscopy. It is well known that amyloid kinetics are not perfectly reproducible from one experiment to the next because they are extremely sensitive to conditions that are difficult to control, such as how rapidly the solution is mixed (14) . Procedures for comparing separate datasets have been established by using fluorescence and CD spectroscopy (15) . Our procedure is similar to these well-established methods but accounts for issues specific to infrared spectroscopy. First, we established that the unlabeled ␤-sheet feature near 1,617 cm can be analyzed by using the same protocols as for kinetic measurements using ThT fluorescence. This task was accomplished by running fluorescence and FTIR kinetics experiments in parallel on hIAPP labeled at either Ala-13 or Leu-27. We found that the ␤-sheet feature in the FTIR spectrum matches the fluorescence trace nearly perfectly (see Fig. S3 ). This observation also confirms our expectation that isotope labeling does not affect the kinetics of the unlabeled ␤-sheet feature because it does not alter the peptide structure. Next, we investigated the reproducibility of our kinetics experiments. Shown in Fig. 3A are the kinetic traces of the unlabeled ␤-strand feature from 4 separate 2D IR experiments on the same sample of hIAPP labeled at Ala-25. The t 50 times for these 4 experiments fall between 30 and 60 min. This range of times prohibits the averaging of successive 2D IR datasets, which is why our rapid-scan version of 2D IR spectroscopy is necessary to accomplish these experiments. Fortunately, it has been established from fluorescence studies that kinetic scans on wide-ranging time scales can be compared by scaling the time axes with their respective t 50 . The scaled kinetics match as long as the mechanism is unchanged (15) . Following this procedure, we first established the value of t 50 for each scan by fitting the kinetic traces associated with the spectral features due to the unlabeled 12 C 16 O oscillators to a sigmoidal function (fits shown in Fig. 3A ; function given by Eq. s1 in SI Text), which we then used to scale the time axes. On this scaled axis, the sigmoidal curves are quite similar (Fig. 3B) . The similarity of the slopes indicate that all 4 experiments are monitoring the same aggregation mechanism, as is expected from identical samples, and confirms that the scaling procedure is valid for infrared spectroscopy. Having determined the scaling parameters from the unlabeled ␤-strand features, we then scale the time course of the spectral features associated with the labeled site by using the same parameters. For example, Fig.  3C shows the time course of the Ala-25 signal for the same 4 experiments after scaling with the t 50 times used above, along with their sigmoidal fits. The good agreement confirms that the features from the unlabeled sites provide an internal standard, which allows us to objectively and reliably determine the appropriate scaling parameter. The signal-to-noise ratio of the label kinetics is lower than the unlabeled ␤-strand features because the label intensities, as expected, are Ϸ13 times weaker. To account for signal-to-noise ratio, we calculate the error in the ratio of the t 50 times between the label and the ␤-strand features (Eqs. s2 to s4 in SI Text). The resulting ratios of t 50 and their error bars are plotted in Fig. 3D . All 4 measurements give a similar ratio, with much smaller error bars associated with the less-noisy datasets, as expected. Because the error bars are related to the laser fluctuations, we combine them into a single data point by using a weighted average (Eqs. s5 and s6 in SI Text), which gives t 50 (label)/t 50 (unlabeled) ϵ t 50,ratio ϭ 1.02 Ϯ 0.03 for Ala-25. Finally, we compare the scaled kinetics of the unlabeled ␤-sheet feature from all 7 samples (6 labeled peptides and 1 unlabeled peptide), in Fig. 3E . The slopes show slightly more variation (mostly because of Ala-8 and Ala-13) than for multiple runs of the same sample (Fig. 3B) , which may be caused by small differences in HPLC purification of the peptides but is not large enough to indicate a significantly different aggregation mechanism (15, 16) . The fiber morphologies are similar as measured by TEM (Fig. S4) , which provide another check on the aggregation mechanism, because different mechanisms often give rise to different fibril structures (17) . Additional experimental data and details on our fitting procedure are given in SI Text. The reproducibility of these control experiments leads us to conclude that the kinetics from individual 2D IR measurements can be compared by following the standard analysis methods of fluorescence experiments by using the unlabeled ␤-sheet feature as a reference. The ␤-sheet feature provides an internal standard, which allows one to deconvolve the normal run-to-run variations from the more interesting differences associated with the kinetics of assembly. The presence of such a built-in internal standard is an added bonus of the isotope-edited 2D IR technique.
Having established the validity of our 2D IR approach, we now turn to comparing the relative times that the 6 labeled residues assemble into the fibril, which is the primary motivation for this study. Shown in Fig. 4A are scaled kinetic curves for each of the 6 isotope-labeled peaks. Simple visual inspection of these data reveals that these 6 residues exhibit strikingly different transition times; some residues transition sooner than the unlabeled ␤-strand feature (t 50,ratio Ͻ 1), whereas others are later (t 50,ratio Ͼ 1). The data shown in Fig. 4A are presented solely to visualize the differences in transition times. Like Ala-25, each labeled peptide was measured 2-4 times. The t 50,ratio for the individual measurements are shown in Fig. 4B and the combined data point for each residue is plotted in Fig. 4C . The error bars in Fig. 4B become smaller when the data are averaged more before fitting, but averaging does not alter the mean values in Fig. 4C significantly (see Tables S1-S4 and Fig. S5 ).
Of those residues that were measured, Val-17 is the first residue to transition and has a t 50,ratio that is 10% sooner than the t 50,ratio of the unlabeled residues (in all experiments performed, the Val-17 isotope label rises before the unlabeled ␤-sheet features). Val-32 is the last to transition with a t 50,ratio that is 30% slower. On an absolute time scale, this 40% difference translates into a 20-min separation between the folding of Val-17 and Val-32 for a typical t 50 folding time of 50 min. Leu-27 may also transition as early as V17, but it has the most uncertain t 50,ratio of those residues measured.
The above experiments report on local structure through the changes in intensity and frequency of the isotope-labeled amide I band. There are 2 factors that affect the frequency and intensity of the bands in the 2D IR spectra: their environment and their coupling. To differentiate between the 2, we collected 2D IR spectra of Ala-13, Ala-25, and Leu-27 where only 25% of the peptides contain an isotope label (Fig. S6) . Diluting the isotopes largely eliminates the effects of coupling between labeled residues. Coupling to the unlabeled residues is still present, but its influence on the label frequency is small because the frequency separation is large. We found that upon isotope dilution, the frequencies of these 3 residues lie within 5 cm Ϫ1 of each other (1,589-1,594 cm Ϫ1 ), indicating that their local electrostatic environments are comparable. Moreover, the isotope frequencies are higher when diluted, indicating that the coupling between isotope labels causes a negative frequency shift, which is consistent with the negative coupling constants predicted for ␤-sheets in amyloid fibril (12) . These results emphasize that the isotope-labeled features that are the focus of this study arise from delocalized vibrational modes that involve the cooperative motions of several labeled amide I groups (18) . Thus, according to these dilution experiments and the cross-peaks in the 2D IR spectra, we conclude that we are measuring ␤-sheet formation through the association of multiple peptides into columns of isotopically labeled residues. See also SI Text and Figs. S7-S9 for additional experimental data.
Discussion
Amyloid formation is generally described as nucleation dependent process, although it is often observed that the concentration dependence of the kinetics is weaker than observed for classic nucleation dependent polymerization (15) . If hIAPP fibers are created by the concerted formation of a nucleus in which the entire polypeptide adopts the structure found in the fibril, followed by the addition of monomers that template onto the ends of the fibers extremely quickly, we would expect to observe the same t 50,ratio for all 6 labeled residues. Furthermore, all 6 labeled residues would have a t 50,ratio ϭ 1, because their apparent rates of assembly would be indistinguishable from the unlabeled residues. Thus, this model of amyloid formation predicts that the data in Fig. 4B should all fall on a line at t 50,ratio ϭ 1. However, a t test indicates that the t 50,ratio for many of the residues are not equal and a goodness-of-fit test leads us to conclude that Ala-25 is the only residue that is likely to have t 50,ratio ϭ 1 (see Statistical Analysis in SI Text). Therefore, our results indicate that hIAPP clearly has a diverse and interesting free-energy landscape that is more complicated than simply an initial random coil ensemble that undergoes a concerted transition to form a perfect fiber-like nucleus that then elongates by the addition of monomers that quickly assume their final fold. Instead, the landscape must contain multiple barriers to cause slow folding of the monomers after their addition to the fiber ends. In principle, the shape and width of the unlabeled ␤-sheet transition should reflect the entire range of kinetics because all of the residues contribute to it. In fact, our previous 2D IR study of the unlabeled ␤-sheet feature hinted at complex kinetics (5). However, because 37 amino acids contribute to the unlabeled feature, many of which are strongly coupled, the kinetics of assembly for individual residues will be obscured by the others. The experiments reported here demonstrate that when individual residues are monitored by using isotope labeling, details of the folding and assembly process are resolved that are otherwise masked by overlapping spectral features.
Because the earliest residues to transition are in the middle of the peptide (Val-17, Ala-25, and Leu-27) and the last ones on the ends, one possible explanation for our data is that nucleation occurs near or at the loop, followed by folding down the N-and C-terminal ␤-sheets. Thus, it may be possible to describe the data in Fig. 4B by 2 lines, one that describes the rate of formation for the N-terminal ␤-strand and the other for the C-terminal ␤-strand. To test this hypothesis, we fit the data for residues 8, 13, and 17 to one line and 25, 27, and 32 to another. This fit cannot be rejected according to a goodness-of-fit test. Furthermore, according to an F test, it is between 22 and 167 times more likely that the data fits to this 2-line model rather than a simple nucleation model in which all of the residues have t 50,ratio ϭ 1 (see
Statistical Analysis in SI Text).
Shown in Fig. 5 is a schematic representation of this mechanism. In the first step, a series of peptides aggregate to create a nucleus in which the loop is formed, but the ␤-sheets are not. This nucleus serves as a template for elongation of the fiber by the addition of monomers to the loop at the ends of the fiber. Concomitant to elongation, the ␤-sheets form, with the Nterminal ␤-sheet folding in approximately half the time that it takes the C-terminal sheet to fold, according to the 2-line fit to the data. At this time, we cannot say exactly which residues are involved in the initial assembly step. Certainly Val-17 is involved because it is the first to aggregate, and Ala-25 and Leu-27 may be as well, because they have t 50,ratio s closest to Val-17. Because we do not yet have a spectroscopic signature for when the ordering of the loop occurs, we cannot say for certain that it is the loop itself that is the critical substructure. We suspect that the 2 columns of peptides grow at different rates, which would explain why formation of the C-terminal sheet, which resides at the interface of the 2 columns (see Fig. 1B ), is slower than the outside sheets formed by the N-terminal region of the chain, so that the region containing Val-32 does not fully form a ␤-sheet until it is stabilized by the second column of peptides. Because the cross-peaks appear at the same rate as the isotope-labeled diagonal peaks, we believe that when the ␤-sheets form, they are in-register. If unaligned strands were to occur, followed by an ordering of the hydrogen bonds, as has been seen in amyloid fragment studies (11), then we would expect the cross-peaks to grow in before the isotope labeled peaks, because the isotope labels would be coupled to ␤-sheet normal modes even if they are not coupled among themselves. In principle, more sophisticated isotope labeling schemes could be used to test these hypotheses. Nonetheless, the results are both consistent with the nucleation mechanism obtained from standard biophysical approaches (15) although they provide residue-specific details that cannot be obtained otherwise.
The folding mechanism is somewhat reminiscent of the zipper mechanism for ␤-hairpin folding. In the zipper mechanism, the ␤-turn forms first, followed by elongation of the hairpin toward the N and C termini by rapidly forming a series of hydrogen bonds (19, 20) . However, we emphasize that the hydrogen bonding in amyloid ␤-hairpins is not the same; instead of hydrogen bonds linking the 2 halves of each peptide individually, hydrogen bonds in amyloids run along the fiber long axis to connect stacked hairpins. Thus, fundamentally different forces are likely to be responsible for loop formation in amyloid. Another very important point is that our data rule out the presence of large ␤-sheet structures during the lag phase. We estimate that not more than 5% of the peptide ensemble can reside in ␤-sheets with Ͼ4 strands, based on the background intensity at 1,617 cm Ϫ1 , where large ␤-sheets absorb. ␤-Sheet aggregates of 3 strands or less could be present during the lag phase, because small ␤-sheets absorb near the random coil at 1,645 cm Ϫ1 (21) .
Of the 6 residues measured, Ala-25 is particularly interesting because it is the only substitution that exhibits 2 isotopelabeled bands (see Fig. 2 and Figs. S1 and S2). Isotope dilution of Ala-25 causes both peaks to collapse into a single feature (Fig. S6 ). This finding indicates that Ala-25 contains 2 coupling constants of 3.5 and 15.5 cm Ϫ1 . Two coupling constants indicate that there is a bimodal distribution of distances between adjacent Ala-25 residues. A bimodal distribution of distances could arise from 2 different populations of fibril structures or from the helical twist that breaks the symmetry between the 2 columns of peptides. The last possibility seems unlikely, because the twist is small over the delocalization length of a vibrational exciton (4 -6 strands), and thus should be negligible. It seems more likely that there are 2 subpopulations of ␤-sheet structures and that the relative ratio of the 1,574-and 1,585-cm Ϫ1 features gives their relative population, which is consistent with the lack of a cross-peak between the 2 features. If true, then the fact that the 2 features have similar intensities up to 1.5 t 50 indicates that the 2 subpopulations aggregate in tandem but that the subpopulation with the lower frequency isotope label (and, thus, smaller Ala-25 spacing) is eventually preferred (Fig. 2 E) . The argument for a common first phase of aggregation also agrees with fits to the data that predict nearly identical t 50 times but a much larger contribution to a slower phase from the 1,574-cm Ϫ1 feature (also see Long-time kinetics in SI Text). Considering that Ala-25 is the only residue among the 6 that were labeled that exhibits 2 peaks and the only residue we measured that was assigned to random coil in the ssNMR structure, it appears that the ordered loop is the most sensitive region of the structure to this bimodal distribution.
At this time, we do not know why the initial ordering occurs at or near the loop. However, some insight may be gained by considering our results in the context of the well-known correlation between variations in the primary sequence of IAPP and the prevalence of islet amyloid in different species (22) . For example, rodents do not form islet amyloid even though they produce IAPP. The sequence of rat IAPP differs from that of hIAPP at 6 positions; residues 18, 23, 25, 26, 28, and 29. Four of these residues f lank the ordered loop and are located close to the amino acids that we postulate are the nucleation sites for ␤-sheet formation. It is also worth noting that modification of residues 24 and 26 by N-methylation leads to a nonamyloidogenic variant of human IAPP, as does a single mutation from Ile-26 to proline (23, 24) . Interestingly substitutions outside of the 20 -29 region but within the region we have identified as being involved with nucleation also profoundly affected amyloid formation (25) . These studies highlight the putative importance of the region(s) we have identified as being critical for nucleation. Our results have important implications for inhibitor development because they provide the information required to design inhibitors that target the critical nucleation site. Along these lines, insulin and its isolated B-chain are known to be among the most potent inhibitors of amyloid formation by IAPP, and they are thought to interact predominantly within residues 7-19 of IAPP (26) . Thus, rat and mouse IAPP might have evolved to prohibit amyloid formation by mutating the first 2 sites in the aggregation pathway: Val-17 and Ala-25.
In principle, some of the information reported here could have been obtained by using FTIR spectroscopy, but in practice, it is difficult to observe the isotope label against the background. Carbonyl isotope labels appear more prominently in 2D IR spectra than background solvent modes due to a nonlinear nature that enhances strong absorbers over weaker ones. Another advantage is that our rapid-scan technology can be used to suppress scatter by phase-cycling the pulses. Scatter is a huge problem with heterogeneous samples like amyloids and membranes. However, the real advantages of 2D IR spectroscopy remain to be discovered through experiments that focus on 2D line shapes and cross-peaks, which have the potential to time-resolve solvent expulsion and identify the secondary structures of intermediates, among other properties.
Conclusions
In summary, we have used isotope labeling and technological advances in 2D IR spectroscopy to gain residue-specific kinetic information about the aggregation pathway of hIAPP. We found that the amyloid fibrils associated with type 2 diabetes follow a multistep pathway involving a series of intermediate, largely ␤-sheet structures. Because at each point in time, our data provides the relative population of each residue in its final structure, it should be possible to test kinetic models for fibril formation by using these data. The methodology presented here is not limited to IAPP, nor is it limited to amyloid formation in homogenous solution. Membrane peptide interactions have been postulated to play an important role in amyloid formation (27) , and our methodology is well suited to investigate such systems. It is also applicable to a wide range of proteins now that it is possible to synthesize large polypeptides with unnatural or labeled amino acids (28) . Furthermore, 2D IR spectra can be simulated from X-ray, NMR, or molecular dynamics structures. Thus, our methodology has the potential to test and link disparate studies that together hold the promise of providing a comprehensive understanding of the elusive mechanism of amyloid fiber formation.
Materials and Methods
Six labeled peptide samples and 1 unlabeled peptide sample were prepared by using standard Fmoc chemistry and HPLC purification protocols. The peptide was denatured in d-HFIP and dried. Amyloid formation was initiated by redissolving in 20 mM deuterated potassium phosphate buffer at pH 7 to a peptide concentration of 1 mM. Fibrils produced by using this protocol have the same structure as those formed by using other methods (Fig. S4) . TEM images of an aliquot removed from the sample immediately after initiation showed predominantly Ϸ15-nm spherical oligomers with trace numbers of fibers. Automated 2D-IR spectroscopy was used to follow aggregation by rapidly scanning a 4-cycle pulse sequence. There is Ϸ2-min dead time between initiation of the aggregation and the collection of the first 2D IR spectrum. Details of the data-collection procedure and analysis are given in SI Text.
